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It was previously proposed that porous diamond membranes can be used as field emission arrays. As
main features of such a device, we identified a field enhancement factor equivalent or superior to
that of a metal edge emitter, allied to a higher vacuum conductance. Emitting membrane prototypes
were built and tested. These showed promising emission performance. In this work we continue the
membrane pore characterization from a geometric point of view. We also present photoemission
electron microscopy images from the emitting area around a pore. These images show that indeed
there is enhanced electron emission occurring in that region. Current versus time and current versus
field graphs complete the emission characterization. ©2000 American Vacuum Society.
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I. INTRODUCTION

Electron emission from cold cathodes is currently an a
of great interest especially because of its application to
flat panel display~FPD! industry. Many efforts have bee
applied to improve the emission from cold cathodes.1–12

These can be summarized into two categories: emission f
conductive tips or edges~e.g., Refs. 1 and 2! and emission
from flat conductive surfaces coated with films capable
reducing the electric field necessary for emission~e.g., Refs.
6, 8, and 10!. Eventually both approaches were combin
~e.g., Refs. 2, 10, and 11! so emission could be obtained
even lower electric fields~applied voltages!.

Other constraints are also important to FPD, especi
those related to vacuum performance. It has been show2,13

that desorption from surfaces and poor vacuum conducta
both of which are normally present in conventional FPD
can cause a substantial increase in pressure inside the
during its lifetime. The properties of low voltage phosphor13

and even the properties of the emitting surfaces themse
can vary significantly as a result of increased pressure.
pressure gradient normally associated with poor vacu
conductance can also introduce undesired brightness v
tions along the panel.2

We identified two possible gas pumping directions in
FPD: longitudinal and transverse. Longitudinal pumping
currently being used in conventional FPDs; that is,
pumping direction is parallel to the anode and catho
planes, since the getter is usually positioned on the edge
the FPD. This approach, considering a molecular pump
regime, leads to a vacuum conductance inversely pro

a!Electronic mail: victorpm@if.usp.br
b!Current address: IBM Almaden Research Center, 650 Harry Road,

Jose, CA 95120.
c!Electronic mail: mcsalvadori@if.usp.br
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tional to the FPD width~for a fixed height! and directly
proportional to the square of the anode-cathode spacing
the other hand, in the transverse pumping, the pumping
rection is normal to the anode and cathode planes, leadin
a vacuum conductance that has a negligible dependenc
the FPD width. And, if one considers only the vacuum co
ductance associated to the emission chamber~that is, the
space between anode and cathode!, the vacuum conductanc
would be inversely proportional to the anode-cathode sp
ing. But the implementation of the transverse pumpi
would introduce an important question: how can we pu
gases through the cathode plane? Figure 1 shows a sche
representation of both pumping schemes.

A solution to achieve transverse pumping was previou
proposed by some of the authors14 and consists of using dia
mond porous membranes as emitting cathodes. The field
hancement factor for the pores is at least comparable to
of other metallic edge,14 and the porosity itself promotes
substantial increase in vacuum conductance through the c
ode plane. In such membranes, there is a direct correla
between the vacuum conductance and the area, because
given pore density, the number of pores grows linearly w
the FPD area. This fact will make it easier to scale up
larger area FPDs, and eliminate the need to increase
anode-cathode gap in order to produce high vacuum con
tance. Maintaining a small interelectrode gap or decreasin
has the additional advantage of improved focusing. Last,
not less important in this concept is the fact that the por
membrane approach results in no long-range pressure g
ents across the display area. In a previous performance
we proved that the porous diamond membrane is a promi
emitter. Specifically, emission for a given pore density w
shown to be superior to that of flat metallic surface, ev
when the former is coated with diamond-like carbon~DLC!.

In the present work, we continue our investigation of d

an
24150Õ18„5…Õ2415Õ5Õ$17.00 ©2000 American Vacuum Society



fi
th
tro
re
si

rs

e
nu

on
pl
o

m
ru
T
on
to

its
st
n
h

n
th
er
u
rc

Th
w

th
ad
ig

di
io
d

is-
ber

m-

vio-
on
ged
the

ong
tron

n.
ctric
d at
is a
and

op-
ld
be-

the

s.
M2

an

fol-

g
sily

ller
get
em-

he
ely
g
n
is
nd

by

e
e.
n-

tro-
rti-

rane
im-
be

2416 Mammana et al. : Investigation of the electron emission 2416
mond membrane emitters by characterizing the pore pro
and the extent of metal film coating along the length of
inner pore walls. We also present photoemission elec
microscopy~PEEM! images from the region around a po
demonstrating that there is indeed strong electron emis
from such regions. A more detailed study of the emission
presented, including current versus time and current ve
field curves.

II. EXPERIMENT

Porous diamond membranes consist of freestanding m
branes with pores distributed in a regular array. Their ma
facturing process is fully described elsewhere.15–18 Here we
provide only a brief description of this process. The silic
wafer is patterned and etched so that a regular array of
teaus is left on the surface. Diamond is then deposited
these substrates using microwave assisted plasma che
vapor deposition. After deposition, the top part of the prot
sions is removed using a mechanical grinding procedure.
process is completed with the wet etching of the silic
mold, leaving a silicon frame in the outer regions, in order
increase the overall device resistance.

A thin layer of metallic material was deposited on
backside to form the conductive cathode. We chose tung
deposited by metal plasma immersion ion implantation a
deposition ~MePIIID!,19 since tungsten deposited throug
this method was proven to adhere well to diamond.20 An-
other reason for using MePIIID is its ability to deposit o
surfaces that are not necessarily in direct line of sight of
plasma source. This becomes particularly important h
since the entire inner wall of the pores must be coated. D
ing the deposition, the filtered cathodic arc plasma sou
was operated in a pulsed mode with 5 ms arc duration.
substrate was pulse biased during the entire deposition
22000 V for the first 1000 arc pulses, and2100 V for the
last 4000 arc pulses. The sample bias was pulsed wi
duration of 4ms. Pulse biasing guarantees a strong film
hesion to the membrane back surface, since the initial h
bias voltage increases the atomic mixing between the
mond substrate and tungsten film. After that initial adhes
enhancement procedure the sample bias was reduce

FIG. 1. Schematic of a FPD: longitudinal~a! and transverse pumping~b!. C
is the vacuum conductance,L the FPD width, andd the anode-cathode
spacing.
J. Vac. Sci. Technol. B, Vol. 18, No. 5, Sep ÕOct 2000
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avoid further sputtering of the deposited material. The d
tance between filter and sample was 20 cm and the cham
pressure was 831026 Torr. An S-shaped particle filter21 was
used in the deposition process.

To study the local field emission properties of the me
brane, a photoemission electron microscope~PEEM! was
used. PEEM usually employs light sources such as ultra
let ~UV! lamps or synchrotron radiation to excite electr
emission from a sample. The emitted electrons are ima
by an electron optics column, and the image depends on
radiation energy and sample emission properties. A str
electric field is applied between the sample and the elec
optics column to accelerate the electrons into the colum
This leads to topographical contrast because the ele
field, and therefore the electron trajectories, are distorte
surface topographical features. If the sample surface
strong field emitter, the electric field between the sample
electron optics column~typically of order 10 kV/mm! is suf-
ficient to produce enough electrons for the PEEM to be
erated without light source. In this mode, solely the fie
emitted electrons can be imaged. One can distinguish
tween photoemission and field emission by switching off
light source. Both excitation modes~light and field! were
applied in this study to identify local field emitting center
The instrument used for these investigations was the PEE
facility at the Advanced Light Source,22 located at the
Lawrence Berkeley Laboratory. In this analysis we used
x-ray radiation of 350 eV, with a flux of about 1012 photons
per second in a 50mm350 mm spot.

III. RESULTS AND DISCUSSION

We fabricated a diamond porous membrane with the
lowing geometric characteristics: pore size about 15mm,
center-to-center pore distance of 200mm, membrane thick-
ness of 10mm, and circular pore profile. The freestandin
diameter was about 10 mm. The pore size can be ea
obtained in a range between 1 and 102 mm,16 while the pore
to pore distance is a free parameter, provided it is not sma
than about 3 times the diamond thickness. In order to
denser porosity one can produce thinner diamond m
branes~e.g., Ref. 23!.

A top-view scanning electron microscope image of t
membrane is shown in Fig. 2. The pore is approximat
circular, with a diameter of 17mm. A cross section scannin
electron microscopy~SEM! image of a pore is also shown i
Fig. 3. The quasicircular profile of the inner pore walls
evident. A slightly columnar structure normal to the diamo
film surface can also be observed, as registered before
Ref. 24. It is also clear that the back of the membrane~the
diamond nucleation surface! is much smoother than th
growth side, and it conforms to the original silicon surfac
The top part of the inner pore walls is not exactly perpe
dicular to the membrane plane. This results in the elec
static enhancement factor being smaller than that of a ve
cal metallic edge emitter. Changes on the porous memb
manufacturing process are presently being developed to
prove the pore morphology. The main aspect that has to
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changed is the process used to remove diamond from the
of the silicon plateaus. As discussed in Ref. 16, this proc
is responsible for pore size and shape irregularity. The a
natives to avoid this drawback that are currently under w
are based on selective diamond nucleation and plasma
ing.

As we have previously stated, the thin tungsten film
deposited on the smooth side of the diamond membrane,
it is important that this film extend all the way to the po
orifice. In order to verify the extent of surface coating, w
have used electron dispersive x-ray spectroscopy~EDX!. The
arrow in Fig. 3 shows the area corresponding to the E
analysis. This technique identifies the elements present in
selected area, and based on these analyses, we conclude
tungsten was present on the top part of the inner walls. T
fact identifies that the MePIIID technique was a suita
choice for tungsten deposition.

This cathode configuration is such that it is not obviousa
priori , where the actual emission sites are. Disregarding
presence of diamond, one would expect that emission wo
occur primarily from the edges of the pores. The presenc
diamond, however, may induce changes to the electros
field on the tungsten edges due to its dielectric const
Moreover, the negative electron affinity of diamond can p

FIG. 2. SEM image showing the top view of a rounded pore in a diam
membrane.

FIG. 3. SEM image showing the side view of a fractured membrane.
arrow shows the position where EDXS spectroscopy was done.
JVST B - Microelectronics and Nanometer Structures
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a very important role in reducing the field necessary for el
tron emission.

We performed PEEM analyses in order to locate the em
sion sites on the diamond structure. Images formed with p
toemitted electrons provide an overall image of the structu
while images formed by field emitted electrons provide t
image of the emission sites.

Figure 4 shows the photoemission image from a pore
presented no strongly enhanced electron field emission.
contrast in the image is due to topography. The electric fi
applied to the sample was about 10 kV/mm. One can
clearly the rounded profile already observed in Fig. 2. Fig
5 shows another pore that exhibited strong field emiss
~onset field about 7.5 kV/mm!. The bright spot indicated in
Fig. 5 remained bright when the light source was switch
off, while the rest of the image disappeared. Comparing F
4 and 5 one can speculate that the emission starts at diffe
applied voltages for different pores. Field emission si
were not observed in the area between pores.

d

e

FIG. 4. PEEM image from a rounded pore~top view!.

FIG. 5. Field excited image from a rounded pore similar to that shown
Fig. 4. The applied field was 7.5 kV/mm.
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A very important aspect of the brightness of the fie
emission spot is its instability. This instability is compatib
to the one usually observed in diamond emitters. Static
ages like Fig. 5 cannot show this aspect, but the dyna
image observed during the measurement shows that the
emission spots clearly have fluctuating brightness, while
contrast in images referent to photoemission is static. T
fact coincides with the instability in current observed by a
plying a constant electric field to the membrane. Figure
shows the data related to these measurements. Figure 6
shows an increase in emission current at a constant ap
voltage after several hours of emission. The reason for
increase is still unknown and we speculate that the prese
of diamond may account for it. Further investigation is r
quired to explain this observation.

Figure 5 clearly shows that the emission does not t
place uniformly around the pore for the field applied, but
concentrated in a small spot. This may be due to nonuni
mity of the pore geometry as already observed by SEM
Fig. 2. Another explanation is the nonuniformity of the di
mond film properties, which may cause preferential em
sion. The strong current density dependence on the ele
field or work function causes the emission spots to appea
compositional, structural or morphological irregularitie
This could also be responsible for the fact that emission
not obtained simultaneously from all pores at a given fie

However, if from one point of view, fields like 10 kV/mm
did not produce uniform emission along the pore edge,
fact is that higher fields produced such bright emitting i
ages that the contrast could not be adjusted to form a pic
of the emitting sites. So we do not discard the possibility
occurrence of a more uniform emission along a pore edge
higher fields.

Figure 7 shows the current against electric field data
tained from one position at a membrane. A detailed desc
tion of the method used to plot Fig. 7 is given in Ref. 25.
short words we can say that theI 3E curve is obtained from
the I 3V curve, considering an adjustable anode-cathode
tance. After plotting an approach curve, a good estimation
this anode-cathode distance is obtained for eachI 3V curve
measured. Subsequently this distance can be used to c
late the field, considering a parallel capacitor as the ano
cathode geometry.

The main feature apparent in Fig. 7 is the spread oI

FIG. 6. Field emission stability measurement.
J. Vac. Sci. Technol. B, Vol. 18, No. 5, Sep ÕOct 2000
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3E results, which is consistent with the instability observ
in Fig. 6 taking into account that the total duration for a
quiring the data shown in Fig. 7 is about 2 h. At this point,
is important to say that the set of data points shown in Fig
is subdivided into smaller sets, each one referring to a p
ticular sequence of measurements, since theI 3E curves
were obtained individually. The open circles correspond
I 3E curves that were obtained by sweeping the voltage
that the current would vary from 0 to 3.5mA. The closed
circles were obtained with current ranging from 0 to 0.5mA.
For the geometry used, 3.5mA of total current represents
roughly, 1021 mA per pore, while 0.5mA of total current
represents about 1022 mA per pore.

It is clear from Fig. 7~a! that the spread of open circles
bigger than the spread of closed ones. This fact is proba
due to changes that high currents per pore can produce in

FIG. 7. CurrentX electric field data (I 3E curves!. The opened circle data
points refers toI 3E curves for which current was limited below 3.5mA,
while closed circle refers to curve for which current was limited below 0
mA. ~a! Shows a general view and~b! zooms a region of the same graph
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emitting characteristics.I 3E curves obtained with lowe
currents per pore~closed circles! are more reproducible, an
therefore result in less scattering of the data. Figure 7~b! is a
zoom of a region of Fig. 7~a!, and the density of closed
circles can be observed in a much more clear way, show
that the statistics are very meaningful.

IV. CONCLUSIONS

In this article we have successfully prepared emitt
based on metallized porous diamond membranes. This
proach has significant advantages regarding vacuum pe
mance, and we have observed here that field emission oc
at fields below 10 kV/mm. Early field and vacuu
calculations14 demonstrated the usefulness of this conce
We observed an important current instability, and also t
the I 3E curves are much more reproducible if low curren
per pore are induced.

PEEM results showed that the region around the por
indeed the place where the emitting sites are located,
there was not enough spatial resolution in the microscop
determine whether emission was from the edges of the
tallic film or from the nearby diamond. No emission w
observed between pores.
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